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Abstract 


Glass fiber entrapped ZnO/SiO, sorbent (GFES) was developed to remove sulfur species (mainly hydrogen sulfide, H2S) from reformates for 
logistic PEM fuel cell power systems. Due to the use of microfibrous media and nanosized ZnO grains on highly porous SiO, support, GFES 
demonstrated excellent desulfurization performance and potential to miniaturize the desulfurization reactors. In the thin bed test, GFES (2.5 mm 
bed thickness) attained a breakthrough time of 540 min with up to 75% ZnO utilization at 1 ppm breakthrough. At equivalent ZnO loading, GFES 
yielded a breakthrough time twice as long as the ZnO/SiO, sorbent; at equivalent bed volume, GFES provided a three times longer breakthrough 
time (with 67% reduction in ZnO loading) than packed beds of 1-2 mm commercial extrudates. GFES is highly regenerable compared with the 
commercial extrudates, and can easily be regenerated in situ in air at 500°C. During 50 regeneration/desulfurization cycles, GFES maintained its 
desulfurization performance and structural integrity. A composite bed consisting of a packed bed of large extrudates followed by a polishing layer 
of GFES demonstrated a great extension in gas life and overall bed utilization. This approach synergistically combines the high volume loading of 
packed beds with the overall contacting efficiency of small particulates. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


High efficiency desulfurization is critical to maintain the 
activities of fuel processing catalysts and high-value mem- 
brane electrode assemblies in logistic PEM fuel cell systems 
[1-4]. Metal oxides can be used to remove sulfur species from 
gas streams [5—13]. Among these studies, zinc oxide (ZnO) is 
widely applied to remove sulfur species such as H2S from fuel 
gases because of its high-sulfur capacity and favorable sulfida- 
tion thermodynamics at moderate temperatures [14]. Traditional 
technology using packed bed reactors, given enough reactor vol- 
ume, can successfully remove sulfur compounds from several 
thousand ppm to sub-ppm levels using metal oxide-based sor- 
bents [1,2]. Commercial sorbents widely used in packed beds are 
of large particle sizes (ca. 1-5 mm), thus they normally demon- 
strate low-sorbent utilization and poor regenerability because 
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of low contacting efficiency, intra-particle and lattice diffusion 
limitations [15]. As a result, packed beds with large reactor sizes 
are usually required to achieve low H2S concentrations. In order 
to achieve high-efficiency sulfur removal, different approaches 
have been proposed. Rare metals and catalyst washcoats have 
been used to avoid one or more of these problems [16—19], but the 
surface areas per unit reactor volume still need further improve- 
ments. In a logistical fuel cell system, the overall system weight 
and volume are critical concerns. Therefore, the novel sorbent 
and reactor designs with high sorbent utilization, high capacity 
and miniaturized reactors are favored for logistic power systems. 

Microfibrous media developed at the Center for Microfi- 
brous Materials Manufacturing (CM?) at Auburn University 
has demonstrated significant improvements in heat/mass trans- 
fer and regenerability [20-28]. This generic approach utilizes 
micro-sized fibers to entrap sorbent and catalyst particulates into 
sinter-locked structures with high voidage. Due to the improved 
contacting efficiency, these microfibrous materials can reduce 
both the reactor weight and volume. As for H2S removal, Ni 
microfibrous entrapped sorbents were prepared and demon- 
strated a breakthrough time three times longer than a packed 
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bed of commercial ZnO extrudates [3]. However, Ni fiber cannot 
withstand the highly oxidizing atmosphere used during sor- 
bent regeneration. New microfibrous entrapped sorbents that 
are able to work in both reducing and oxidizing environments 
are required. In this study, glass fiber entrapped micro-sized 
supported-ZnO sorbent particulates were prepared for regenera- 
ble desulfurization applications for logistic PEM fuel cell power 
systems. 


2. Experimental 
2.1. Sorbents preparation and characterization 


A series of supported-ZnO sorbents were prepared by 
incipient-wetness impregnation, using SiO2 (300 m? g~!, mean 
pore size of 15 nm, Grace Davison) and y-Al203 (150 m? go!l, 
mean pore size of 7 nm, Alfa) as supports. The detailed proce- 
dure for producing glass fiber entrapped sorbents is described 
by way of a sample preparation: 6g of S2 glass fiber fibers 
(8 um diameter) and 2 g of cellulose were added into water and 
stirred vigorously to produce a uniform suspension. The suspen- 
sion and 18 g of 150-250 um SiO2 were added into a headbox of 
the 1.0 ft? M/K sheet former under aeration. The preform (1 ft?) 
was then formed by vacuum filtration followed by drying on a 
heated drum. The glass fiber sheet was pre-oxidized in airflow 
for 30 min at 500°C and then sintered for | h at a high tempera- 
ture, ca. 900°C. The prepared microfibrous entrapped SiO2 was 
immersed into the zinc nitrate solution (2 mol L~!) for 10 min, 
and subsequently vacuum drained and naturally dried overnight. 
Then it was calcined in air at 450°C for Lh. 

Powder XRD patterns were recorded on a Rigaku MiniFlex II 
instrument using a scanning speed of 4° min™! and an accelerat- 
ing voltage of 40 kV, unless stated otherwise. SEM micrographs 
of the GFES were obtained by a Zeiss DSM 940 instrument. 
The ZnO loading on support was analyzed by ICP-AES using a 
Thermo Jarrell Ash ICAP 61 Simultaneous Spectrometer. The 
surface areas of the sorbents were measured by N2-BET. 


2.2. Gas and sample analysis 


All gases in this work were purchased from Airgas South, Inc. 
Two sulfur source gases were employed in this paper: 2 vol.% 
H2S—H2 and 60 ppm H2S in a model reformate stream (40 vol.% 
CO2, 10 vol.% CO, 9 vol.% C,—C3 hydrocarbon, balance H2). 
Other challenge gases (e.g., 5050 ppmv H2S—H2) were prepared 
by mixing 2 vol.% H2S—H) with H2. The outlet H2S concentra- 
tions were analyzed by a Gow-Mac 550GC equipped with a 
TCD detector (H3 as the carrier gas) which was able to measure 
the H2S concentration down to 200 ppmv. Gas samples were 
injected to the GC every minute by a 6-port-valve with a sam- 
pling loop of 50 wL. The whole sampling system was connected 
by 1/8” tubing, and the pressure drop of this sampling system 
was negligible at all experimental conditions. Below 200 ppmv, 
the H2S concentrations were measured by a Varian 3800 GC 
equipped with a pulse flame photometric detector (PFPD) capa- 
ble of analyzing H2S at sub-ppmv levels. Gas samples (250 uL) 
in low concentration tests were collected and injected manually. 


3. Results and discussion 


3.1. Commercial sorbent evaluation and supported sorbent 
design 


In a preliminary experiment, a packed bed of commercial 
extrudates (3/16”, 16.50 g) containing 90 wt.% ZnO was tested 
with 5050 ppmv H2S in H3 at a face velocity of 20.3 cms~! and 
400 °C. The dimensions of the packed bed were 2.14 cm diame- 
ter x 3.4 cm thickness. The test result, shown in Fig. 1, suggests 
that 70% ZnO in extrudates was accessible at 400 °C. Under the 
test conditions in Fig. 1, the packed bed failed to yield a H2S 
concentration lower than 1 ppmv. At a higher breakthrough con- 
centration of 50 ppmv (1% of inlet H2S concentration Co), the 
breakthrough time read from the breakthrough curve was 40 min, 
which suggests only 8% ZnO reacted with H2S at the break- 
through under the test conditions. A further analysis showed 
that only the ZnO in a layer of 50 um (average) from the outer 
surface was utilized prior to the breakthrough. ZnO particles 
with a size less than 100 um should be fully utilized under the 
test conditions and the breakthrough concentration. In a similar 
study performed by Song et al. [2], only 3%o ZnO was utilized at 
0.1 ppmv breakthrough in the presence of 20% water. The layer 
thickness was calculated to be 0.2 zm (200 nm) in average, indi- 
cating that only nanosized ZnO particles could be fully utilized 
at the specified desulfurization application. 

It is well known that small particle size can reduce the pore 
diffusion resistance and enhance the external mass transfer rate. 
Further tests on the commercial ZnO sorbents of various parti- 
cle sizes were performed at 400°C, and the results are shown 
in Fig. 2. The saturation capacity of the commercial sorbent 
increased with a decrease in particle size, and the breakthrough 
capacity followed the same trend, but not significantly. 

Based on the results from Figs. 1 and 2, the nanosized parti- 
cles would achieve complete utilization during desulfurization. 
Although the use of small particles promotes the mass trans- 
fer, it also introduces high pressure drop and bed channeling 
in packed beds, and sorbent particles with diameter less than 
100 um are not practically employed in packed beds, let alone 
nanosized sorbents. As a compromised design, nanosized ZnO 
particles or grains could be loaded on inert support particles, 
which can be used in packed beds or entrapped in microfibrous 
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Fig. 1. Desulfurization performance of a commercial ZnO-based sorbent. 
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Fig. 2. Breakthrough curves of commercial ZnO sorbents with different size, 
and breakthrough curve of ZnO/SiO2 sorbent is shown for comparison. 


media. Supports with high porosity, small size and large surface 
area will be favored due to the reduced pore diffusion resistance 
and improved the intrinsic volumetric reaction rate. In addition 
to supporting ZnO, the inert support particles can stabilize ZnO 
[9,10], keep ZnO highly dispersed, inhibit the grain growth, and 
thus yield stable performance with extended service life. 


3.2. Supported ZnO sorbents 


3.2.1. Support screening 

Three typical supports, SiO2, Al203 and activated carbon 
particles (ACP), are widely employed in industries. ACP will 
react with oxygen during the regeneration of the spent sor- 
bent; therefore, SiO2 (40-60 mesh) and y-Al203 (40—60 mesh) 
were chosen as supports for further evaluation. ZnO/SiO2 and 
ZnO/Al203 sorbents were prepared at different calcinations tem- 
peratures and tested for H2S removal at 400°C. These two 
supports, according to preliminary experimental results, have 
negligible adsorption sulfur capacities at 400°C. 

Fig. 3 suggests that the H2S adsorption performance of a 
supported ZnO sorbent strongly depends on the type of sup- 
port and calcination temperature. As shown in Fig. 3, SiO2 and 
Al203 supported ZnO sorbents demonstrated comparable sul- 
fur capacity at a calcination temperature of 300°C. However, 
the results at the calcination temperature of 500°C are quite 
different. After calcination at 500°C for 60 min, H2S satura- 
tion capacity of SiO2-supported ZnO sorbent remained almost 
unchanged, but that of y-Al.03-supported ZnO demonstrated a 
dramatic reduction. It is well known that the surface of y-Al203 
is quite reactive, but the surface of SiO» is very inert. Above 
500 °C, a strong association or solid reaction between ZnO and 
y-Al203 took place and an inactive “ZnAl2034-like” compound 
was formed. The solid reaction was accelerated by the increase 
in calcination temperature leading to a rapid deactivation of y- 
Al,03-supported ZnO sorbent. Because ZnO-based sorbents are 
usually regenerated at a temperature above 500 °C, the result in 
Fig. 3 indicates that the Al203 supported ZnO sorbent will not 
maintain its performance after regeneration. Therefore, SiO2 
was chosen as the appropriate support for ZnO. 

The calcination temperature also affects the performance of 
SiO2-supported ZnO sorbent (ZnO/SiO2). As shown in Table 1, 
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Fig. 3. Supports screening. 
Table 1 


Calculated grain size at different calcination temperatures using Debye—Scherrer 
equation 


Calcination T (°C) Grain size (nm) 


350 1.25 
450 2.90 
600 2.98 
752 3.60 


Calcination time was 1 h. 


ZnO grain size increases with the calcination temperature and 
regeneration temperature. Therefore, low calcination and regen- 
eration temperatures are always preferred to retard grain growth. 


3.2.2. ZnO loading effects 

ZnO/SiO, sorbents with different ZnO loadings were pre- 
pared and their H2S adsorption performances are displayed in 
Fig. 4. It shows that the H2S adsorption capacity increased 
with the ZnO loading to 33 wt.% and then dropped dramati- 
cally with the ZnO loading up to 50 wt.%. The above results 
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Fig. 4. ZnO loading ratio effects. 
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indicate that the optimal ZnO loading of ZnO/SiO2 for high 
H2S adsorption capacity is ~33 wt.% when zinc nitrate is used 
as the precursor of ZnO. ZnO utilization decreased sharply from 
93% to 24% with an increase in ZnO loading in the range 
of 25-50 wt.%. The sorbent with a high capacity and the sor- 
bent with a high ZnO utilization can be employed for different 
applications. 


3.2.3. Glass fiber screening 

As stated earlier, microfibrous entrapment can further 
enhance the sorbent performance. For instance, Ni fiber 
entrapped sorbents demonstrated a two to threefold longer 
breakthrough time for H2S removal with 67% reduction in sor- 
bent loading, compared with 1-2 mm commercial extrudates. 
However, Ni fiber was oxidized in the presence of oxygen dur- 
ing regeneration, and the sinter-locked network collapsed after 
10 adsorption/regeneration cycles [3]. Therefore, other microfi- 
brous materials that can withstand the highly reducing and 
oxidizing environments and high temperatures (T> 600°C) will 
be considered as alternatives to Ni fibers. Glass fibers may be 
the most suitable fiber for this application. Several glass/ceramic 
fibers and their properties and chemical compositions are listed 
in Table 2. 

Based on their thermal properties and availability, E- and 
S-type glass fibers were selected to fabricate the microfibrous 
media. Preliminary test results suggested that S2 fiber (an 
S type glass fiber, 8 um diameter x 6mm length, Advanced 
Glassfiber Yarns LLC) was able to be sintered above 900°C, 
as shown in Fig. 5. E glass fiber (10 um diameter x 6mm 
length, Owens Corning) was able to be sintered around 
800°C. 


3.2.4. Properties of sorbents 

Sorbents were characterized by X-ray diffraction (XRD) and 
scanning electron morphology (SEM). The SEM images of S2- 
glass fiber entrapped ZnO/SiO, shown in Fig. 5 suggest that 
the glass fibers partially melted during sintering and formed a 
sinter-locked fibrous network, which entrapped the SiO2 partic- 
ulates. This network holds the particles and keeps them from 
being carried away by the gas flow. The XRD patterns of glass 
fiber entrapped sorbents, ZnO/SiOz sorbents and ZnO extru- 
dates are shown in Fig. 6 for comparison. The XRD pattern of 
ZnO extrudates (pattern c in Fig. 6) demonstrates strong ZnO 
peaks at 20 values of 31.2°, 34.0° and 35.8°, indicating the exis- 
tence of large ZnO grains. Glass fiber entrapped sorbent and 
ZnO/SiO» sorbents only show three humps at the correspond- 
ing 26 positions. This suggests that ZnO in these two sorbents 


J 


Fig. 5. Morphologies of S2 glass fiber entrapped ZnO/SiO2. 


may not have good crystallinity, provided the ZnO grains are 
in very small sizes. The grain sizes of ZnO extrudates and glass 
fiber entrapped ZnO/SiO> sorbent estimated by Debye—Scherrer 
equation were 17 nm and 5 nm, respectively. 


Table 2 
Properties of several glass fibers 

A-type C-type D-type E-type ECR-type S-type AR-type R-type 
Density (g cm7?) 2.44 2.52 2.11 2.58 2.72 2.46 2.7 2.54 
Softening point (°C) 705 750 771 846 882 1056 773 952 
Annealing point (°C) 588 521 657 810 
Strain point (°C) 552 477 615 760 


Curtsey of Owens corning [29]. 
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Fig. 6. XRD patterns of (a) GFE SiOz, (b) GFE ZnO/Si0O7, and (c) commercial 
extrudates. 


Other physical properties of glass fiber entrapped ZnO/SiO2 
sorbents were calculated and are shown in Table 3. The glass 
fibers occupy only 3 vol.%. Glass fiber entrapped ZnO/SiO?2 sor- 
bents have a high-void fraction of 75 vol.%, which is about 2-2.5 
times higher than that of a typical packed bed. As a result, the 
ZnO loading in the GFES (13 wt.%) is much less than that of 
the commercial ZnO extrudates (90-95 wt.%). 


3.3. Pressure drop test 


Zinc oxide extrudates were crushed and sifted into the desired 
sizes. The ZnO particles of each size range were loaded in a 
quartz reactor (10mm diameter) and made into a packed bed 
with bed thickness (L) of 5 cm. Pure H2 was passed through the 
packed bed at room temperature, and the total pressure drops 
(AP;) at various face velocities were measured. The pressure 
drops introduced by the setup including the packing materials 
(APs) were also measured at the same velocities. The pressure 
drop generated by the packed bed (AP) equals AP; minus AP;. 
The pressure drop per unit bed thickness (AP/L) of the packed 
bed at each face velocity was then calculated and plotted in 
Fig. 7. GFES was tested at the same conditions, and the data are 
also shown for comparison. 

As shown in Fig. 7, the pressure drop increased with an 
increase in face velocity for every packed bed. Packed beds 
of smaller particles yielded higher pressure drop than larger 


Table 3 

Properties of glass fiber entrapped ZnO/SiO2 sorbent 

Component wt.% vol.% 
ZnO 12 N.A! 
SiO2 66 22° 
Fiber 22 3 
Void N.A. 75 


è ZnO was supported in the pores of SiO, and it did not change the size of 
SiO2. 
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Fig. 7. Pressure drop per unit bed thickness at different face velocities for several 
desulfurization sorbents. Tested at room temperature using Hz as challenge gas. 


particle beds. For example, the 100-140 mesh (105-149 um) 
particles yielded over 30 times larger pressure drop than the 
particles of 40-60 mesh (250—400 um). The pressure drop per 
unit bed thickness of GFES (100-200 um SiO? particles in 8 ym 
fibrous matrix) was two times greater than that of 40-60 mesh 
(250—400 um) particles, and it is only 1/3 of that of 60-80 mesh 
(177-250 um) particles at the same face velocity. It should be 
noted that both SiOz particle and fiber in GFES were smaller than 
the 60-80 mesh particles in the packed bed. The low-pressure 
drop over the GFES resulted from the high voidage (75 vol.%) 
of GFES. 


3.4. Desulfurization test 


3.4.1. High sulfur concentration test 

In this study, all the ZnO/SiO2 sorbents were tested at 400 °C 
with the challenge gas of 2 vol.% H2S—H)p. In the experiment 
“m:v”, 0.1 g of ZnO/SiO2 sorbent was loaded in the reac- 
tor with a bed thickness of 2mm at a gas face velocity of 
1.2cms~!. In the following experiments, the amount of sor- 
bent loaded and the face velocity were doubled till the sorbent 
loading reached 0.8 g and face velocity reached 9.9 cm s7}. All 
packed beds in this set of tests had the same stoichiometric 
saturation time (Ts) of 12 min and the same residence time of 
0.075 s (GHSV =8100h7!). The breakthrough curves are shown 
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Fig. 8. Breakthrough curves for 2 vol.% H2S—Hp challenge gas at various face 
velocities (effects of glass fibrous media). 
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Fig. 9. Breakthrough capacity of ZnO/SiO2 sorbent at different face velocities. 
Tested at 400°C. 


in Fig. 8. GFES containing 0.1 g of ZnO/SiO2 sorbent was 
also tested at the velocity of 1.2cms~! for comparison. The 
breakthrough sulfur capacities at 1% Co breakthrough for all 
experiments are shown in Fig. 9. 

Due to the symmetry of the breakthrough curves, t1/2, the time 
to reach 0.5 Co, is close to the bed saturation time, t. Therefore 
tı⁄2 is used as the approximation of t. As shown in Fig. 9, all 
the breakthrough curves pass around the same point (11.6, 0.5) 
in the time-C/Cp plane, indicating the consistency of the satura- 
tion capacity. Moreover, the 1/2 (or Tt) is very close to t. This 
suggests ZnO in ZnO/SiO2 and GFES is completely accessible. 
It is a clear trend that the breakthrough curves become sharper 
with an increase in the face velocity of the challenge gas. The 
breakthrough capacity in each experiment was calculated and 
plotted in Fig. 9. The breakthrough capacity increases signif- 
icantly in the low face velocity range. After the face velocity 
reaches 5cms~!, the capacity slowly approaches 0.37 g H2S/g 
ZnO, about 90% of the theoretical capacity, which suggests that 
the unutilized ZnO is less than 10% and a further increase in 
the face velocity is not necessary at this GHSV. The break- 
through curve of GFES shows that the breakthrough capacity 
increased about 50% compared with the packed bed experiment 
“m:v” in which the same type of sorbent (ZnO/SiO2) with the 
same amount of ZnO was loaded. The only explanation for this 
improvement is the enhancement due to the using of glass fiber 
media. 


3.4.2. Low sulfur concentration test 

Similar tests were performed at a low-H2S challenge con- 
centration. The adsorption with a H2S challenge of 60 ppmv in 
a model reformate stream (60 ppm H2S—10 vol.% CO—40 vol.% 
CO2-9 vol.% Cı-C3 and H? balance) with 30vol.% steam 
added at 400°C was studied over both GFES and the 
commercial extrudates. The face velocity was 3.9cms~! 
(GHSV =27500h7! based on dry gas). The breakthrough 
H2S concentration was defined at 1 ppm. The results are 
summarized in Table 4. GFES with a thickness of 2.5mm 
yielded a breakthrough time of 540 min. At an equivalent bed 
volume, GFES provides a three times longer breakthrough time 
with a 67% reduction in sorbent loading than packed bed of 


Table 4 

Comparison between GFE and commercial ZnO extrudate* 

Sorbent GFE ZnO/SiO2 80-100 1-2 mm ZnO 
mesh ZnO 

Total weight (g) 0.2 0.55 0.55 

ZnO content (mg) 34 495 495 

Breakthrough time? (min) 540 350 180 

ZnO Utilization at BTS (%) 74.1 3.3 1.7 


à Tested at equivalent bed volume of 0.53 cm? (1.62 cm diameter x 0.25 cm 
thickness). 

> Breakthrough time at 1 ppmv H2S breakthrough. 

€ BT: breakthrough. 


1-2 mm commercial extrudates. Compared with that of ZnO 
particles (80-100 mesh, 149-177 um), the breakthrough time 
is 1.5 times longer. ZnO utilization in GFES was 75%, which 
is 14-fold higher than that of 1-2 mm extrudates. 
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Fig. 10. XRD patterns of GFE ZnO/SiO2 and commercial extrudates. (a) Spent, 
after regeneration in air at (b) 600°C for 1h and (c) 500°C for 3h. 
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XRD patterns of GFES and the commercial extrudates are 
shown in Fig. 9 (fresh sorbents) and Fig. 10 (spent sorbents). The 
results in Fig. 10 suggest that no ZnO crystal existed in the spent 
sorbent of GFES, and it was completely converted into ZnS. In 
extrudates, ZnO grains had a size of 17 nm, which is three times 
larger than those in GFES. In addition, the commercial extrudate 
sample had a BET surface area of ~25 m? g~!, which is 10% of 
that of GFES. This suggests that most ZnO crystals were buried 
inside the bulk, and ZnO in GFES was highly dispersed. The 
size of the extrudates was around | mm, six times larger than 
that of ZnO/SiO> particles in GFES. These differences suggest 
the mass transfer resistances in extrudates due to lattice diffusion 
and pore diffusion should be much higher than those in GFES. 
As aresult, ZnO grains in ZnO extrudates were not completely 
accessible to H2S, and ZnO still existed and demonstrated strong 
ZnO peaks as shown in Fig. 10. 


3.5. Regeneration test 


3.5.1. Single cycle test 

The nano-dispersed nature of ZnO and the use of small 
size support particulates significantly improved the desulfuriza- 
tion performance; they should also improve the regenerability 
of GFES. Satisfactory regenerability corresponds to high- 
regenerable capacity and short regeneration time. Table 5 
compares the GFES with packed beds of the commercial 
ZnO extrudates and ZnO particles (80-100 mesh). From the 
breakthrough time (capacity) recovery percentage of GFES at 
different regeneration conditions, it is safe to conclude that 
higher regeneration temperature and longer regeneration time 
yields higher recovery percentage. This conclusion is also true 
for commercial ZnO sorbents. Under the same regeneration con- 
ditions (in air at 500°C for 1h), GFES, as expected, provided 
10 times higher capacity recovery compared with the packed 
bed of the commercial extrudates. Under these conditions, the 
bed made of ZnO particles (80-100 mesh) also demonstrated 
good performance with ~60% capacity recovered. However, the 
breakthrough times of the bed were only 50% of those of GFES 
tested under the same conditions. 

Regeneration time is an important concern for reactor design, 
especially for a system consisting of several reactors—one reac- 
tor is doing desulfurization and the others are being regenerated. 
For a shorter regeneration time, fewer reactors are required for 
continuous operation. For example, if the breakthrough time of a 
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fixed bed desulfurization reactor is 1 h and the regeneration time 
for each reactor is 3 h, then four identical reactors are required. If 
the regeneration time can be reduced to 1h, then only two reac- 
tors are required, and the total desulfurization reactor volume (or 
weight) is reduced to 50% of that in the earlier scenario. From the 
regeneration tests of GFES, the best regeneration condition for 
the sorbents is at 600°C for 1h. This condition yielded a good 
balance between regeneration time and recovery rate. Therefore, 
GFES were regenerated at this condition for the following cyclic 
tests. 

To reveal the nature of this significant difference in regener- 
ability, XRD analyses were carried out on spent samples before 
and after regeneration at 500-600 °C. The spent samples were 
collected when the outlet H2S concentration reached 60 ppmv 
(the same as inlet concentration). As shown in Fig. 10, cubic ZnS 
was the only detectable phase on the spent GFES. After regen- 
eration at 600 °C for 1 h or at 500 °C for 3 h in air, the ZnS phase 
completely disappeared and the ZnO phase appeared again. In 
the case of ZnO extrudate, ZnO was the predominant phase 
for the spent 1-2 mm commercial extrudates. ZnS phase was 
still detectable after 1 h regeneration at 600 °C in air (confirmed 
by XRD using a scanning speed of 0.1° min~! and a sampling 
interval of 0.01 min). The comparison above suggests the sup- 
ported sorbent design facilitates the regeneration. In Fig. 10, the 
regenerated GFES demonstrated a sharp ZnO peak with a cor- 
responding grain size of 12nm. Compared with the grain size 
(5 nm) of fresh sorbent, this is a significant increase. 


3.5.2. Multiple cycle tests 

Fig. 11 shows the desulfurization/regeneration cycle test 
results for the GFES. All of the desulfurization tests were con- 
ducted at 400°C using the same experimental condition as 
described in Table 5; all regeneration experiments were car- 
ried out at 600°C for 1h in situ in an airflow of 200 mL min”! 
(STP). Fig. 11 suggests that a significant breakthrough time 
(capacity) drop occurred after the first regeneration, and break- 
through times (capacities) remained almost unchanged through 
50 absorption/regeneration cycles. Grain sizes of ZnO were cal- 
culated from the XRD pattern and are shown in Fig. 12. The 
grain size increased drastically from 5nm to 12nm after the 
first regeneration, and increased to 15 nm after the 50th cycle 
which is not a significant change compared with 12 nm after the 
first cycle. This grain growth is acommon phenomenon for most 
sorbents that are regenerated at high temperatures. It is also well 


Table 5 
Capacity recovery percentage (C.R.) after regeneration at 500-600 °C in air* 
Sorbent GFE ZnO/SiO2 80-100 mesh ZnO 1-2 mm ZnO 
B.T. (min) CRS (%)° B.T. (min) CRS (%)° B.T. (min) CR. (%) 
Fresh 540 - 350 - 180 - 
1h Regn.@600 °C 400 74 220 63 100 56 
3h Regn.@500 °C 410 76 210 60 80 44 
1h Regn.@500 °C 300 56 60 17 10 5.5 


a Absorption experiment was carried out at 400°C and 3.9 cm s7! face velocity in the present of 30% steam, using 60 ppmv H3S challenge in a model reformate. 


> Breakthrough time at 1 ppmv breakthrough for H2S. 


€ Percentage of capacity recovered, defined as: 100 (breakthrough time of regenerated sample/breakthrough time of fresh sample test). 
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Fig. 11. Breakthrough time vs. regeneration cycle numbers. 


known that the grain size increases significantly after the first 
regeneration. Undoubtedly, the significant increase in ZnO grain 
size after the first regeneration cycle resulted in severe lattice dif- 
fusion resistance, which in turn decreased the ZnO utilization, 
as observed in the reduction in breakthrough time for GFES. 
The ZnO grains did not grow above 15 nm possibly because the 
small pores of the SiOz support inhibited grain growth and made 
ZnO grain highly dispersed. As a result, the breakthrough time 
of GFE ZnO/SiO>2 during the multiple-cycle tests was stabilized 
around 400 min, as shown in Fig. 11. Moreover, the SEM image 
in Fig. 13 shows that the sinter-locked micro-glass structure of 
the microfibrous sorbent remained robust without any rupture 
after 50 regeneration cycles. This suggests that the glass fiber 
media has good thermal and structural stability for regenerable 
applications. 


3.6. Composite bed 


Although microfibrous entrapped sorbents, as mentioned ear- 
lier, demonstrated high ZnO utilization and high contacting 
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Fig. 12. XRD patterns of (a) GFE SiO% carriers and GFE ZnO/SiO? sorbents: 
(b) fresh, and after (b) 1st regeneration cycle and (c) 50th regeneration cycle. 
Regeneration was carried out in air at 600°C for 1 h in each cycle. 


Fig. 13. Structure integrity after 50 cycles (SEM image). 


efficiency, they do not have high ZnO loadings and their sto- 
ichiometric sulfur capacities are low. As a result, microfibrous 
entrapped sorbents may not be directly applied to remove H2S at 
high concentrations, but their high contacting efficiency allows 
them to be applied in low-concentration H2S removal. For exam- 
ple, microfibrous entrapped sorbents can be used as a polisher 
to remove trace H2S from a packed bed. This unique approach 
offers opportunities for higher absorption capacity design by 
incorporating microfibrous entrapped sorbents as a polishing 
sorbent layer to back up a packed bed. This approach is described 
as a composite bed, as shown in Fig. 14. 

The desulfurization performance of a packed bed and the 
corresponding composite bed is shown in Fig. 15. The tests 
were conducted in a quartz tube reactor (diameter 2.14 cm) with 
5000 ppmv H2S—H) challenge gas at a face velocity of 10 cm s7! 
at 400°C. The polishing layer was made of GFES (0.9 g) with 
a thickness of 5mm and a ZnO loading at 13 wt.%. The packed 
bed was made of 3/16” extrudates (11 g) with a bed thickness of 
2.2 cm. The composite bed had an overall thickness of 2.7 cm. 

As shown in Fig. 15, the bed of the commercial extrudates 
yielded a broad breakthrough curve and a breakthrough time 
around 33 min at | ppmv breakthrough as indicated in Fig. 16. 
After adding the polishing layer at the end of the packed bed, 
the breakthrough curve became sharper at low outlet H2S con- 
centrations, and the composite bed yielded a breakthrough time 
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Fig. 14. A composite bed. 
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Fig. 15. Breakthrough curves of a 2” thick packed bed of ZnO extrudates and a 
composite bed (the packed bed followed with a 5 mm polishing layer). 


around 185 min at | ppmv breakthrough. The breakthrough time 
increased six times by adding the thin polishing layer at 25 vol.% 
of the packed bed, and the sulfur capacity per unit volume of 
reactor increased by 4.5 times. If the regeneration time for the 
composite bed is less than 3 h (180 min) and the composite bed 
can be regenerated for unlimited times, then two composite beds 
can continuously provide H2S-free reformates. 

It is obvious that GFES cannot add two times higher satu- 
ration capacity to the packed bed due to the low ZnO weight 
loading. However, GFES can reduce the H2S concentration in 
the gas flow from the packed bed, which was much less than 
5000 ppmv, to lower concentrations (less than 1 ppmv). The 
polishing layer did not capture more sulfur than the packed 
bed, but it was able to capture the H2S at low concentrations 
more efficiently than the extrudates. Increasing the volume of 
the extrudate bed can also extend the breakthrough time by six 
times. However, due to the poor contact efficiency of big extru- 
dates, a large amount of extrudates is required, which is a penalty 
in logistic power systems. In this case, the thin polishing layer 
with high contacting efficiency is the best choice to increase the 
breakthrough time (capacity) without significant increase in the 
reactor volume. 

The polishing layer can improve the breakthrough time 
(capacity) more significantly, if the breakthrough curve of the 
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Fig. 16. Breakthrough curves of a 2” thick packed bed of ZnO extrudates and 


a composite bed (the packed bed followed with a 5mm polishing layer) in 
logarithmic scale. 


packed bed is broader or the breakthrough concentration is 
lower, e.g. the desulfurization for reformates, in which CO, CO2 
and water yield broad breakthrough curves. As shown in Fig. 16, 
if the breakthrough is defined as 1% of challenge H2S concen- 
tration (50 ppm), the breakthrough time of the packed bed and 
composite bed are 150 min and 220 min. This is only a 1.5 times 
improvement at 50 ppm breakthrough, compared with the six 
times improvement at 1 ppm breakthrough. This phenomenon 
can also be explained by the service time equation [30]. 


in(@_1)=xK 1 
n(@-1)= (t — ft) (1) 


where Cp is the H2S concentration in the challenge gas, C the 
H2S concentration at outlet of a packed bed, K is an experimental 
constant, t the saturation time of the bed and ż is the onsite time. 
According to Eq. (1), at a very low H2S concentration, C can be 
expressed as 


In(C) = In(Co) — K(t — t) (2) 


Eq. (2) suggests the plot of In(Co) versus t in the low-H2S 
concentration region should be linear. Extending the line of 
In(Co) — t plot to lower concentrations (ca. 0.1 ppmv), yields 
a breakthrough time at a new breakthrough concentration, as 
shown in Fig. 16. By adding the polishing layer (5 mm thickness) 
at the end of the packed bed of ZnO extrudate (2.2 cm thick- 
ness), Fig. 16 predicts the improvements at 200 min, 152 min 
and 70min for 0.1 ppmv, 1 ppmv and 50 ppmv breakthrough, 
respectively. 


4. Conclusions 


Glass microfibrous entrapped ZnO/SiO2 sorbent was 
designed and prepared for reformates desulfurization for 
logistic PEM fuel cell systems. It consist of 3 vol.% glass 
fibers, 22 vol.% entrapped 150-250 um ZnO/SiO2 sorbent 
particulates and 75 vol.% void. The microfibrous media made 
it possible to employ small sorbent and catalyst particulates in 
desulfurization process without introducing high-pressure drop 
and channeling. ZnO was nano-dispersed on the high-surface 
area SiOz support. This combination made the ZnO accessible 
during the desulfurization process, and also facilitated the 
regeneration of spent sorbent (ZnS/SiO2) at 500-600 °C. Glass 
fiber solved the issues encountered in regeneration of Ni fiber 
entrapped ZnO/SiO>2. The glass fiber matrix was inert to most 
reducing and oxidizing environments and demonstrated good 
structural integrity after 50 desulfurization/regeneration cycles. 

Due to the low ZnO loading, GFES can work indepen- 
dently for low-concentration H2S removal. It also can be 
applied as a polisher in composite bed design approach. 
The combination of high-sulfur capacity of extrudates in a 
packed bed and high-contacting efficiency of microfibrous 
entrapped sorbents demonstrated significant improvements 
in the overall bed capacity and efficiency, compared with 
the packed beds alone. This approach provides a solution 
to minimize the volume of reactors in logistic fuel cell 
applications. 
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